Thin descending limb cells from Henle's loop (from the inner strip of the outer medulla of long loops) were studied with optical and video techniques to identify the mechanisms of ion transport and cell volume regulation. Increasing the K+ concentration in the basolateral solution from 5 to 90 mM caused the cells to swell. This K4-induced swelling was inhibited by exposure of the basolateral membrane to 9 mM Ba2+ and was abolished by removing Cl-from the perfusion solutions. Decreasing the perfusion osmolality caused an increase in cell volume followed by a return to the preexposure volume. The latter regulatory decrease in hypoosmolality was slowed by basolateral Ba2+ and the removal of HCO3 from the solutions. Further slowing occurred when both HCO3 and Cl-were removed. Exposure of cells to ouabain abolished volume regulation. These data suggest that the basolateral cell membrane of the thin descending limb has a Cl --dependent K+ permeability, which is important in cell volume regulation. The cells also possess Cl-and HCO3 transport pathways that participate in volume regulation. Finally, volume regulation is dependent upon the operation of the Na/K pump.
ABSTRACT
Thin descending limb cells from Henle's loop (from the inner strip of the outer medulla of long loops) were studied with optical and video techniques to identify the mechanisms of ion transport and cell volume regulation. Increasing the K+ concentration in the basolateral solution from 5 to 90 mM caused the cells to swell. This K4-induced swelling was inhibited by exposure of the basolateral membrane to 9 mM Ba2+ and was abolished by removing Cl-from the perfusion solutions. Decreasing the perfusion osmolality caused an increase in cell volume followed by a return to the preexposure volume. The latter regulatory decrease in hypoosmolality was slowed by basolateral Ba2+ and the removal of HCO3 from the solutions. Further slowing occurred when both HCO3 and Cl-were removed. Exposure of cells to ouabain abolished volume regulation. These data suggest that the basolateral cell membrane of the thin descending limb has a Cl --dependent K+ permeability, which is important in cell volume regulation. The cells also possess Cl-and HCO3 transport pathways that participate in volume regulation. Finally, volume regulation is dependent upon the operation of the Na/K pump.
The thin descending limb (TDL) of Henle's loop is an important component of the countercurrent multiplication system that allows the kidney to excrete a concentrated urine. An essential feature of models of countercurrent multiplication is that transepithelial transport by the TDL is passive; it is driven by steep concentration differences between luminal and interstitial fluids (1) .
Interstitial fluid osmolality of the renal medulla can vary considerably from antidiuretic to diuretic states, which requires TDL cells to possess mechanisms for controlling volume in anisotonic solutions or face severe alterations in cell volume. Although the mechanisms responsible for volume regulation have been studied in several nephron segments (2), nothing is known about how TDL cells control volume in hypoosmotic solutions. In most cells that control volume in hypoosmotic solutions (3), regulation is a dissipative process involving ion movements down favorable concentration differences established and maintained by ion pumps such as the Na+ ,K+-ATPase. However, in the TDL, Na+,K+-ATPase activity has only been demonstrated histochemically in type II cells of the rat kidney (4, 5) . Thus questions concerning the mechanism of volume regulation and its source of energy in the TDL remained unanswered.
The aims of this paper are threefold: (i) identify in the TDL the major ionic permeabilities of the cell membranes,
(ii) determine the role of these permeabilities in hypoosmotic volume regulation, and (iii) determine if active transport is involved.
METHODS
Tubule Perfusion. Female New Zealand White rabbits were anesthetized with pentobarbital; the kidneys were removed, cut into thin sections, and placed into continuously aerated control solutions (see below) at 40C. To ensure that long looped segments were chosen, long sections of TDL that descended well into the inner medulla were dissected. TDL were dissected along with a small portion of proximal straight tubule and were perfused according to the techniques previously described by Burg et al. (6) . The tubule chamber was identical to that used and tested in previous experiments (7) , except that the perfusion rate was doubled such that the bath exchanged near the tubule in <1 s. In experiments involving the apical membrane, solution changes were performed with the perfusion pipet adjacent to the cell being analyzed for cell volume.
The Inhibitors such as Ba2 + and ouabain were added to these solutions where appropriate.
Cell Volume Measurements. Optical and video hardware were similar to those described previously (7) . To evaluate cell volume, the level of focus of a x 100 objective, numerical aperture = 1 (Zeiss, F.R.G.), was adjusted at approximately the center of the tubule lumen to give a side view on a TV screen of a portion of the tubule =40 gm long. Cells on the TDL are uniformly thin except in the nuclear region, which bulges into the lumen (see Fig. 1A ). A portion on tubule was chosen for study only if the midpoint of the nuclear region was in focus and if both sides of the tubule could be seen clearly. Images of the tubule were recorded during experiments and analyzed with the aid of a video 
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in accordance with 18 U.S.C. §1734 solely to indicate this fact. iable y = r1 0, where ri is the inner tubule radius in the nonnuclear region of the tubule and 6 is the angular tubule variable in radians, f(x,ri,,) = a exp(-x2/2ox2 -r202/2or-2 ).
Assuming the cell is symmetric (see Fig. 1A ), the volume of the nuclear region of an annulus of the tubule (V.) was approximated by integrating the bivariate Gaussian function ofx and y (y = r1 0) with ox = ay; that is, f(x,y) = a exp[ -(X2 + y2)/2o,2].
[4]
For integration using tables, we made the substitution x' = x/cr and y' = y/lo, which gives L/2cr [1] V
Both a and WHH can be easily measured from an outline of the side view of a cell. The cross-sectional area of the side view was calculated by integrating the Gaussian function
The upper and lower limits of the integral were determined empirically. The value L/2 = 2o gives the best approximation. Tests were performed by determining the area of side views with a planimeter (model 620005, Keuffel & Esser, Morristown, NJ) and by Eq. 3. There were no significant differences between the area determined by the two methods (n = 36), suggesting that the Gaussian function is a good representation of the cell outline.
The shape of the cell around the circumference can also be represented by a Gaussian function of the independent var-
-v [6] we obtain Vn = 27ra-2I2(L/2o-). [7] By using L/2 = 2o and tabulated values of the Gaussian integral, Exposure of the basolateral membrane to 9 mM Ba2 + for as long as 15 min at normal K + concentrations did not result in any measurable changes in cell volume (n = 2). However, this concentration of Ba2+ reduces the rate of K + -induced cell swelling (Fig. 2 ) such that after a 10-min exposure to high K + the cells swell about one-third as much as in the absence of Ba2+ (Table 1) . Since Ba2+ is known to block several kinds of K+ channels (9) , it is likely that at least part of the basolateral K+ movement is conductive.
Likewise, removal of Cl -from both apical and basolateral solutions for at least 8 min does not cause any visible changes in cell volume (n = 2). However, in the absence of Cl-,K+ -induced cell swelling is abolished ( Fig. 2 and Table  1 ), suggesting that K +-induced swelling is generated by the movements of both K + and Cl -into the cell and that the basolateral cell membrane is permeable to both K + and Cl -. In order to localize the site of Cl-permeability, after high K+ exposure in zero Cl-perfusion solutions, a Cl--containing high concentration K+ solution was perfused in the basolateral solution only (zero Cl-in the lumen), with inincreases in cell height comparable to those in the presence of Cl-in both apical and basolateral solutions (see Fig. 2 to 90 mM does not swell TDL cells (n = 3) is additional evidence that the basolateral cell membrane rather than the apical membrane is permeable to K+.
Influence of Hypoosmotic Solutions on Cell Volume. Reducing the osmolality of both apical and basolateral solutions causes a rapid increase in cell volume (Fig. 3) . This initial cell swelling, which is less than that predicted from the change in osmolality (32% calculated assuming a cell water content of 80%; see ref. 7) , is followed by a volume regulatory decrease (VRD). About 6 min after the initial change in osmolality, the cell volume has returned to the original, preexposure volume. When returned to preexposure osmolality, cell volume decreases below the initial volume (data not shown). Table 2 shows that the average volume of cells exposed to hypoosmotic solutions for 20 min is not significantly different from preexposure volumes. This pattern is consistent with a reduction of intracellular solute content during volume regulation in hypoosmotic solutions.
Role of Basolateral K+ Leak Pathway in Hypoosmotic Volume Regulation. In order to test the involvement of K + in VRD, the basolateral membrane was exposed to 9 mM Ba2 , followed by a reduction in lumen and bath osmolality (Fig. 3) . Although the Ba2+-treated cells are still capable of VRD in hypoosmotic solutions, the initial increase in cell volume is greater in magnitude and the rate of VRD slower than in the absence of Ba2+ (Fig. 3) . The magnitude of the initial cell swelling in the presence of Ba2+ fits with the change in osmolality. In contrast, rapid cell volume regulation in the absence of Ba2 + (Fig. 3) prevents the initial swelling from reaching the volume calculated from the change in osmolality. Cell volume after 20 min in hypoosmotic solutions in the presence of Ba2+ is significantly higher (P < 0.05) than in its absence (Table 2) The percent change was calculated by comparing the volume of cells in hypoosmotic control osmolality to that following 20-min exposure to lumen and bath hypoosmolality. Basolateral membranes of cells were exposed to Ba2+ (9 mM) and ouabain (10-4 M) in hypoosmotic control perfusion solutions for at least 20 min prior to reduction in lumen and bath osmolality. P denotes the significance of the percent change in volume. NS, not significant; hypo, hypoosmotic.
partially inhibits VRD by inhibiting a component of K+ transport across the basolateral cell membrane similar to that observed for K+ -induced cell swelling.
Role of the Basolateral Na/K Pump in Hypoosmotic Volume Regulation. Although the role of the Na/K pump in many tissues is well known (10) , pump function in TDL has not been demonstrated. To determine the role of the Na/K pump, ouabain (10'-M) was applied to the basolateral solution at control osmolality. Under these conditions, exposure to ouabain for up to 1 hr produced only a 15 ± 6% (n = 12) increase in cell volume, suggesting that the pump does not play a major role in volume maintenance at constant osmolality. This is in contrast to the situation in varying osmolality. Prior exposure to ouabain abolishes VRD (see Fig. 3 and Table 2 ); in hypoosmotic solutions cells swell and remain swollen, showing no tendency to recover their control volume.
Anion Dependence of Hypoosmotic Volume Regulation. K+ loss during VRD usually occurs accompanied by an anion (2, 3) . In order to identify the anions involved, either Cl-, HCO3, or both were removed from all perfusion solutions at control osmolality; the cells were allowed to equilibrate for 10-20 min and then were exposed to hypoosmotic solutions. Fig. 4 and Table 2 show that, in the absence of Cl -or HCOI, TDL cells can regulate their volume in hypoosmotic solutions; however, in the absence of HCO-VRD is slower (Fig. 4) . Removal of both Cl-and HCO3 from the perfusion solutions reduced VRD further than in the absence of HCO3 alone (Fig. 4) . Although some VRD has occurred, after 20 min in hypoosmolality with both HCO-and Cl -absent, cell volume is still 7 times greater (P < 0.05) than the volume in the presence of both anions ( Fig. 1B ), except that in the diluting segment conductive and neutral transporters are located in different cells, whereas in the TDL they are in the same one.
Hypoosmotic Volume Regulation. The TDL, like the proximal tubule of the rabbit and Necturus kidneys (15, 16) , regulates its volume in hypoosmotic solutions. Ba2+ in the basolateral solution inhibits but does not abolish VRD in the TDL, similar to the rabbit proximal tubule (17) . The partial inhibition of VRD by Ba2+ is consistent with its effect on K + -induced swelling, indicating that the same Ba2 +_ sensitive K+ pathway is operating in both processes.
Both Cl-and HCO-are involved in VRD. Interestingly, in Cl--free solutions, VRD occurs at a much faster rate than in its presence (compare Figs. 3 and 4) . One explanation is that although Cl--free solutions may reduce intracellular Cl -activity some Cl -remaining inside the cell could result in an enhanced Cl-concentration difference across the cell membranes. The enhanced concentration difference would facilitate loss of Cl-during VRD. HCO-ions are also important in VRD since in its absence volume regulation is slowed. The role of HCO-may be direct (as a component of a HCO3 transporter) or indirect (by means of intracellular pH). The observation that removal of both Cl-and HCO3-inhibits VRD suggests that both may play a role.
The Na/K Pump. Volume regulation in hypoosmotic solutions in the TDL, similar to other cells (2, 3) , is a dissipative process with osmotic-induced K+ loss from the cell. The pump functions in the TDL to establish the concentration differences across the cell membranes necessary for VRD to occur. Given the low Na+ permeability of the TDL (see refs. 11 and 12), only a small number of pumps, possibly below the level of detection by histochemistry, would be necessary to establish intracellular-extracellular ion concentration differences consistent with normal cell function.
Conclusion. Although transepithelial transport may be primarily passive in the TDL, we have shown that transport pathways for K+, Cl -, and possibly HCO-(see Fig. 1B ) are present in the cell membranes and that these transporters participate in cell volume regulation. Finally, active transport of ions by the Na/K pump is important for volume regulation.
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